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ABSTRACT 

Observations with the Spitzer Space Telescope have revealed a population of red sequence galaxies 
with a significant excess in their 24/im emission compared to what is expected from an old stellar 
population. We identify ~900 red galaxies with 0.15 < z < 0.3 from the AGN and Galaxy Evolution 
Survey (AGES) selected from the NOAO Deep Wide-Field Survey Bootes field. Using Spitzer MIPS, 
we classify 89 ('^10%) with 24/im infrared excess (f24 >0.3mJy). We determine the prevalence of AGN 
and star-formation activity in all the AGES galaxies using optical line diagnostics and mid-IR color- 
color criteria. Using the IRAC color-color diagram from the IRAC Shallow Survey, we find that 64% of 
the 24/im excess red galaxies are likely to have strong PAH emission features in the 8/im IRAC band. 
This fraction is significantly larger than the 5% of red galaxies with f24 <0.3mJy that are estimated 
to have strong PAH emission, suggesting that the infrared emission is largely due to star-formation 
processes. Only 15% of the 24/(m excess red galaxies have optical line diagnostics characteristic of star- 
formation (64% are classified as AGN and 21% are unclassifiable). The difference between the optical 
and infrared results suggest that both AGN and star-formation activity is occurring simultaneously 
in many of the 24/im excess red galaxies. These results should serve as a warning to studies that 
exclusively use optical line diagnostics to determine the dominant emission mechanism in the infrared 
and other bands. We find that ~40% of the 24/tm excess red galaxies are edge-on spiral galaxies with 
high optical extinctions. The remaining sources are likely to be red galaxies whose 24/tm emission 
comes from a combination of obscured AGN and star-formation activity. 

Subject headings: galaxies: elliptical and lenticular, cD — galaxies: starburst — infrared: galaxies — 
quasars: general 



1. INTRODUCTION 

The optical color-magnitude relation of galaxies shows 
a clear bimodality, with a narrow sequence of red (pre- 
dominantly spheroidal) galaxies ai id a "blue cloud" of 
actively star-form ing galaxies (e.g.. IStrateva et al]l2001l . 
iHogg et aTl I2004D . Studies of the evolution of the 
red galaxy luminosity function suggest that the stel- 
lar mass within the red sequence has incre ased since 
z ~ 1, perhaps by a factor of 2 — 4 (jBell et al.l 
120041 iFaber et al.ll2007t iBrown et al.]|2007t) . The most 
likely cause of this growth is the transition of blue cloud 
galaxies to red sequence galaxies at z < 1. Recent 
semi-analytic mo dels of galaxy form ation support such 
a scenario (e.g., ICroton et al.l [2006} ) . In order to re- 

^ Space Telescope Science Institute, 3700 San Martin Drive, Bal- 
timore, MD 21218; brand@stsci.edu 

^ Center for Cosmology and Particle Physics, New York Univer- 
sity, 4 Washington Place, New York, NY 10003 

Spitzer Science Center, California Institute of Technology, 220- 
6, Pasadena, CA 91125 

Department of Astronomy, Ohio State University, Columbus, 
OH43210 

^ School of Physics, Monash University, Clayton, Victoria 3800, 
Australia 

Steward Observatory, Tucson, AZ 85721 

® National Optical Astronomy Observatory, 950 North Cherry 
Avenue, Tucson, AZ 85726 

''' Institute for Astronomy, University of Hawaii, 2680 Woodlawn 
Drive, Honolulu, HI 96822, USA 

* Division of Physics, Mathematics and Astronomy, California 
Institute of Technology, 320-47, Pasadena, C A 91125 

3 Department of Physics, Texas A&M University, 4242 TAMU, 
College Station, TX 77843 



produce the color bimodality, one or more mechanisms 
must be introduced to shut dow n the star-formation 
(e.g.. ISomerville fc Primac3ll999f ). and turn blue galax- 
ies red. Some authors suggest that feedback from 
merger-induced AGN activity could be the quenching 
mech anism (e.g.. iHopkins et aI]l2006llGeorgakakis et al.l 
|2008| ). while others suggest that supernovae in a star- 
burst galaxy may have the requ ired energy to blow out 
enough gas ([Benson et al.l[20 03^. Other possible mech- 
anisms include yirial shock heating of the galaxy halo 
([Birnboim et al.l l2007f ) or simple gas consumption. If 
we are to understand how galaxies shut off their star- 
formation and become red, it is clearly important to 
identify and study the population of sources that have 
recently moved onto the red sequence or are in a tran- 
sition region between the red sequence and blue cloud 
commonly referred to as the "green valley". These 
sources may still show signs of AGN and/or residual star- 
formation as they move onto the red sequence. 

Optical studies of the stellar populations of red galax- 
ies generally show them to b e dominated by an old com- 
ponent (e.g., iTinslevI [l968f ). wit h perhaps a "fros ting" 
of stars formed since z=l (e.g.. iTrager et al.ll2005f ). In 
studies of local ellipticals, the weak infrared emission is 
usually attribut ed to mass loss f r om the evolve d stel- 
lar population ([Temi et all [20051: [Bressan et "all [2006). 
However, there has been recent evidence from Chandra 
and Spitzer that both hidden AGN and star-formation 
activity m ay occur in red galaxies out to z ~ 1 (e.g., 
Braiid et al . 2005, Rodighicro ct al. 2 0071 iDavoodi et all 
20061 ). More than half of all red galaxies have narrow 
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emission lines in their optical spectra indicative o f AGN 
activity (e.g- lYan et alil2006HGraves et al.ll2007l ). 

We have identified a population of red galaxies with 
relatively strong 24/^m emission (f24 >0.3 mJy; hereafter 
"24/im excess" red galaxies). The redshift range 0.15< 
z <0.3 allows us to use both optical and infrared diagnos- 
tics to determine whether they are likely to be dominated 
by AGN o r star-fo rmation activity. We use starburst 
templates ([Dale fc Helou 2002) to estimate the total in- 
frared luminosities of Lg-ioooAim > 1 x 10^''(3 x 10^") Lq 
at z = 0.15 (0.3). Assuming that all the dust heating 
is due exclusively to sta r formation processes and adopt- 
ing the iSalpeteij (fl955h IMF (0.1-100 M^), this corre - 
sponds to SFRs of ~2 (5) Mq yr"! ()Kennicuttl [l998D . 
This infrared luminosity is orders of magnitude larger 
than expected from local ellipticals (wh ich have infrared 
luminosities from 5x10^ - 7x10^ L©; iDevriendt et al.l 
I1999D and suggests optically obscured activity in these 
galaxi es. Similar results are found by iRodighiero et ahl 
(120071) for 0.3 < z < 1 spher oidal galaxies i n GOODS 



Dickinson et al.ll2003f ) and bv lDavoodi et all ([2006) for 
z< 0.3 red galaxies in SWIRE (jLonsdale et'alll2003[ ). 

In this paper, we investigate the nature of the 24/im ex- 
cess in these galaxies. We use mid-IR colors to determine 
whether the sources have significant polycyclic aromatic 
hydrocarbon (PAH) emission features that are known to 
be strong in luminous star-forming galaxies. We also 
use optical line diagnostics to distinguish between photo- 
ionization by young massive stars in star-forming HII re- 
gions and by AGN. The nature of the 24/im emission 
from optically selected AGN and other populations will 
be explored further in W. Rujopakarn in preparation. 

A cosmology of Hq — 70 km s^^ Mpc~-^, Qm=0-5, and 
riA=0.7 is assumed throughout. All optical magnitudes 
are on the Vega system. 

2. DATA 

Our sample is selected from the AGN and Galaxy 
Evolution Survey (AGES; C. S. Kochanek et al. in 
prep.; J. Moustakas et al. in prep.). AGES is an op- 
tical spectroscopic survey conducted within the Bootes 
field of the NOAO Deep Wide-Field survey (NDWFS; 
iJannuzi fc Devi 119990 . The survey was carried out in 
2004 a nd 2005 using the Hec t ospec multi-fiber spec tro- 
graph ("Fabric ant etall Il998t iFabricant et~aI1 12OO50 at 
the MMT 6.5m telescope. Successful redshifts were mea- 
sured for nearly 20,000 objects. For our analysis, we use 
the AGES "main galaxy sample", which is statistically 
complete for 15 < / < 19.95, after correcting for sparse 
sampling, fiber incompleteness, and redshift failures (see 
Eisenstein et al., in preparation for details). The AGES 
sparse sampling preferentially targets brighter optical 
galaxies and/or sources detected in other wavelengths 
and results in roughly half of the total / < 19.95 sample 
with good quality optical spectra. We account for any se- 
lection effects in which one type of source is selected more 
frequently than another by applying a correcting weight 
to each galaxy (each individual galaxy is weighted by the 
inverse of the known sampling rate of galaxies with simi- 
lar properties). The final percentages of red, green, blue 
and 24 /tm excess red galaxies with different optical and 
infrared classifications only changes by a few percent at 
the most. 

The optical spectroscopy covers the wavelength range 



3700-9200A at a FWHM resolution of -6A. The AGES 
spectra were reduced using standard procedures imple- 
mented in HSRED, a customized Hectospec reduc- 
tion package. The rest-frame optical emission lines 
were modeled using Gaussian line profiles, after carefully 
subtracting the un d erlyin g stellar continuum using the 
iBruzual fc Chariot! (|2003D population synthesis models; 
additional details regarding the AGES data reduction 
and emission line measurements can be found in J. Mous- 
takas et al. in preparation. 

The Bootes field covers a contiguous 9.3 square de- 
gree area and has a plethora of existing multi- wavelength 
imaging and spectroscopy. The field has been mapped 
in Bw, R, and / bands to median 3(7 point source 
depths of «27.7, 26.7, and 26.0 (Vega) respectively. The 
Spitzer Space Telescope (Werne r et al., 20041 ) has imaged 
the field at 24, 70, and 160 fj,m using the Multiband Im ag- 
ing Photometer for Spitzer fMIPS^ lRieke et al.|[200l to 
5(T rms depths of 0.3 mJy, 25 mJy, and 150 mJy respec- 
tively, yielding a catalog of Ri22,000 sources. Spitzer 
has also im aged the field with the Infrared Array Cam- 
era (IRAC; iFazio et al.ll2004[) to 5cr depths of 6.4, 8.8, 
51, and 50 nJy at 3.6 , 4.5, 5.8, and 8/tm respectively 
(|Eisenhardt et al.ll2004) . 

3. SOURCE SELECTION 

We have selected a sample of 3889 galaxies from the 
AGES survey that have spectroscopic redshifts, 0.15 < 
z < 0.3 and absolute V-band magnitudes of Mv <-19.4 
mag. This redshift range allows the IRAC color-color 
diagram to be used as a diagnostic for the presence of 
PAH emission (with the strong PAH emission features 
redshifted into the observed 8/tm band) and ensures that 
we cover the rest-frame wavelengths of several power- 
ful emission line diagnostics, including Ha, H/3, [OIII] 
AA4959,5007, and [Nil] AA6548,6584. At absolute mag- 
nitudes fainter that Mv >-19.4 mag, the number of 
red galaxies decreases significantly. Our absolute opti- 
cal magnitude cut ensures that we are comparing red 
and blue galaxies within a similar absolute magnitude 
range. The optical magnitude cut also ensures that these 
are galaxies selected from the main AGES sample (with 
/ <19.95) that has easily quantifiable selection effects. 
The rest-frame optical luminosities and co lors were com- 
putcd usin g K - C ORRECT (v. 4.1.4; iBlanton et aH 
[2003; Bla nton fc R owcis 2007). For more details, the 
reader is referred to J. Moustakas et al. in preparation. 

We classify the galaxies into "red sequence" (914 
sources) and "blue cloud" (2255 sources) using the 
following rest-frame selection criteria: 

Red Sequence: 

U ~V > 1.3 - 0.04 X {Mv + 20.0) - 0.42 x (z - 0.05). 

(1) 

Blue Cloud: 

U -V < 1.3 - 0.04 X {Mv + 20.0) - 0.42 x (z - 0.05). 

(2) 

The 720 sources that fall between these criteria on the 
color-magnitude diagram are classified as "green valley" 
sources. Figure [T] shows the color-magnitude diagram 
for the entire sample divided into the different classifica- 
tions. The select ion criterion for red sequence galaxies is 
similar to that of lBrown et al.l (|2007l ). although we adopt 



The Origin of the 24/ini Excess in Red Galaxies 



3 



a shghtly redder cut to Umit contamination and do not 
employ any optical or infrared apparent magnitude color 
cuts. 

Of the 914 red galaxies, 89 (--10%) have 24 ^ni flux 
densities, f24 >0.3mJy ([24/xm]<16.1 mag). We refer to 
this population as "24/xm excess" red galaxies (red galax- 
ies with f24 <0.3 mJy are referred to as "24/im faint" red 
galaxies). All of these have IRAC 3.6 /xm detections and 
we expect all 24 /im matches to be that of a true coun- 
terpart (we expect only 0.07% of our galaxies to have 24 
fim matches within a radius of 2"of the 24/im position 
by coincidence). We note that our use of f24 >0.3mJy 
to define "24/im excess" red galaxies is a somewhat arbi- 
trary limit determined by the depth of our MIPS 24/im 
data. It does however correspond to infrared luminosi- 
ties of Lg-ioooMm > 1 X 10^° {3 X IQi") Lq at z = 0.15 
(0.3) that are orders of magnitude higher than we would 
expect from an old stellar population (see Section [1]). 

4. RESULTS 

In this Section, we use infrared colors, optical line diag- 
nostics, optical morphology, and mean multi-wavelength 
spectral energy distributions to investigate the nature of 
the 24/im excess red galaxies. Only 8/914 (<1%) of the 
red galaxies have X-ray detections in the XBootes Chan- 
dra survey (iKenter et a l. 2005; Brand ct al. 2006). The 
X-ray survey limit corresponds to an X-ray luminosity of 
5xl0'*i (2 xlO'*^) ergs s'^ at z=0.15 (0.3). The small 
number of detections suggests that any X-ray emission 
from AGN is generally either weak or obscured and so 
we do not discuss the X-ray emission further. 

4.1. The IRAC Color-Color Diagram 

The IRAC colo r -color diagram (e.g. , iLacy et 31112004 
IStern et all 120051 : iGoriian et all I2008D has been shown 
to be a reliable way of identifying high redshift AGN. 
Figure [2] shows the IRAC color-color diagram for the 
AGES galaxies at 0.15< z <0.3. The vast majority of 
sources have [3.6]-[4.5] colors c onsistent with th em be- 
ing low redshift galaxies (e.g., I Stern et "aTl |2005[ ) . The 
red and blue galaxies show a striking bimodality in [5.8] - 
[8.0] color (this is also demonstrated in l Assef et al.ll2008l ) . 
The blue galaxies have redder [5. 8] -[8.0] colors which is 
likely due to the strong 6.2 and 7.7 /im PAH emission 
features falling wit hin the o bserved 8 fj,m band-pass at 
these redshifts (e.g.. lSmith e t al. 2007). The red galaxies 
are likely to have bluer [5.8]-[8.0] colors because of the 
weakness or lack of PAH emission features and/or the 
1.6/im stellar photospheric feature (the "stellar bump") 
that may still dominate the infrared emission in less ac- 
tive sources with large old stellar populations. We over- 
plot the colo r evolution of M82 and NGC 4429 using the 
templates of lDevriendt et al] (|1999f ). M82 is a starburst 
galaxy with strong PAH emission features. NGC 4429 
is an inactive massive SO/Sa galaxy in the Virgo cluster. 
The tracks confirm that actively star-forming and non- 
star-forming galaxies lie in different regions of the IRAC 
color-color diagram at these redshifts. 

The 24/xm excess red galaxies lie in the region of the 
color-color diagram between that of the blue star- forming 
galaxies and the general red galaxy population (and in a 
similar region to that of the green valley sources). There 
is no correlation of [5.8]-[8.0] color with f24. The in- 
frared brightest sources fall in both the non-PAH and 



PAH regions. To quantify the distribution of sources in 
Figure [21 we divide the color-color space into 3 regions: 
the "AGN" wedge region e xpected to b e populated by 
powerful AGN as defined by ISt ern et al.l |2005), and the 
"PAH" and "Non-PAH" regions. The boundary between 
these two populations at an infrared color of [5.8]-[8.0] = 
1.13 mag is defined empirically so that only ~5% of the 
blue galaxies are defined as non-PAH sources and ~5% 
of the non-24/tm excess red galaxies are defined as PAH 
sources. To be classified, we require sources to have a 
detection in at least one IRAC band and to appear un- 
ambiguously in one region of the IRAC color-color dia- 
gram once limits are taken into account (otherwise, it is 
classified as "unknown" ) . Figure [3] shows the fraction of 
red, green, blue, and infrared-excess red galaxies classi- 
fied as powerful AGN, PAH, or non-PAH from figure [21 
Approximately 64% of the 24/im excess red galaxies are 
classified as PAH sources (compared to only 5% of the 
24/tm faint red galaxies^). This result suggests that the 
infrared emission is largely due to star formation. 

4.2. The Optical Line Diagnostic Diagram 

In Figure [H we show an o p tical line diagnos- 
tic diagram ([B aldwin et al.' '1981'; 'Kewl ev et all [200 ll : 
iKauffmanneta l. 2003; Kcwlcy ct al. 2006i) for all of the 
AGES galaxies. We consider all 1996 sources with Ha 
and [NII]A6584 emission lines with a signal to noise ra- 
tio of S/N>3 (51% of the total sample). If a source 
has an optical spectrum with S/N>3 for all four of the 
Ha, H/3, [OIII]A5007, and [NII]A6584 emission lines, it 
is classified as an AGN or star-formin g galaxy using the 
empir ically derived classification line of lKauffmann et al.l 
(|2003D . We also include sources with a signal to noise 
of S/N>3 on the Ha and [Nil] emission lines but with 
S/N<3 on either of the H/3 and [OIII] emission lines. 
We classify these sources as an AGN if log([NII]/Ha > 
-0.3 and a star- formin g galaxy if log([NII]/Ha < -0.3 (see 
iTremonti et al.|[2004l for a similar classification criterion). 
We classify sources with S/N>3 on the Ha and S/N<3 
on the [Nil] emission lines and log([NII];,>„]/Ha) < -0.3 
(where [NII];im is the la upper limit on the [Nil] emis- 
sion line measurement) as star-forming galaxies. Any 
source with S/N> 3 on both the Ha and H/3 emission 
lines and FWHM>500 km is classified as a (broad- 
line) AGN. If a source does not meet any of these criteria, 
it is classified as "unknown" . This results in a complete- 
ness rate of 70/89 (79%), 241/825 (29%), 377/720 (52%), 
and 1942/2255 (86%) for 24/im excess red galaxies, 24/(m 
faint red galaxies, green galaxies, and blue galaxies re- 
spectively at 0.15< z <0.3. 

Blue galaxies tend to have [OIII] /H/3 versus [Nil] /Ha 
line ratios expected for star-forming galaxies whereas red 
galaxies lie in a much larger region, spanning all classi- 
fications. The 24/tm excess red galaxies fall in a region 
similar to that of the green valley galaxies. 

Figure[5lshows the fraction of 24/tm excess red galaxies, 
24/im faint red galaxies, green galaxies, and blue galaxies 
classified as star-forming, AGN, or unknown (and with 
the sparse sampling weights taken into account). Galax- 

^ We note that this number is Ukely to be sUghtly higher as 28% 
of the 24^m faint red galaxies are unclassifiable. However, this 
cannot account for the large difference, even in the unlikely event 
that all of the remaining 28% were classified as PAH sources. 
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ies with broad optical lines are included in the AGN clas- 
sification. 57/89 (64%) and 13/89 (15%) of the 24/Ltm ex- 
cess red galaxies are classified as AGN and star-forming 
sources respectively (with 19/89 (21%) unclassifiable) . 

The 24/im excess red galaxies with infrared colors con- 
sistent with PAH emission features are not confined to 
the star-forming region but are distributed throughout 
the optical line diagnostic diagram. This result sug- 
gests that a large proportion of 24/im excess red galax- 
ies exhibit characteristics of both AGN and star-forming 
galaxies. 

4.3. The Multi- Wavelength SED 

Figure [S] shows the mean multi- wavelength spectral en- 
ergy distribution (SED) of the 24/im excess red galaxies 
compared to that of the 24/im fai nt red galax i es. O ver- 
plotted are the SED templates of I Asset et all (|2008l ) for 
elliptical, spiral, irregular galaxies and AGN extended 
into the UV and infrared (these modifications will be 
presented by Asset et al. in preparation). The far and 
near-UV points ar e obtained from a Galaxy Evolution 
Explorer fGALEX^ lMartin et al.ll2005f) survey in the ND- 
WFS Bootes field. The mean SEDs are essentially indis- 
tinguishable except in the infrared (by definition) and 
the UV. The excess of UV emission in the 24/im excess 
red galaxies is likely due to the same processes that are 
giving rise to the 24/j,m excess. The mean SED of the 
24/im faint red galaxies is well fit by an elliptical galaxy 
template (the slight excess in the near-UV and at 24/im 
can be accounted for by the fact that this class still in- 
cludes some sources with a modest 24/im excess which 
do not satisfy the requirement of f24 >0.3mJy that they 
would need to be classified as a 24/im excess red galaxy). 
The mean UV to 24/im flux density ratio of the 24/im 
excess red galaxies is a factor of 10(4) smaller than that 
of the irregular galaxy (AGN) template and twice as high 
as that of the Sbc spiral galaxy template. This suggests 
that they contain a larger amount of dust and/or host an 
older stellar population than typical irregular galaxies. 
If the 24 /im and UV excesses are due largely to AGN, 
then the UV emission must be suppressed by dust. The 
amount of dust is not well constrained: an extinction of 
E(B-V) of a few tenths would be sufficient to suppress 
the UV light. 

4.4. The Color Magnitude Diagram 

Figure [7] shows the distribution of the 24/im excess 
red galaxies in color-magnitude space compared to that 
of the general red galaxy population. A Kolmogorov- 
Smirnov test shows that the distribution of the 24/im 
excess red galaxies (i.e., all colored points in Figure [7]) 
is not significantly different from that of the overall red 
galaxy population. However, there are hints of differ- 
ences in the distribution of 24/im excess red galaxies with 
different classifications from the optical line diagnostic 
diagram: the star-forming generally have bluer U ~ V 
colors than the AGN sources. 

4.5. Optical Morphology 

We use the NDWFS i?-band images to investigate the 
optical morphologies of the 24/tm excess red galaxies. We 
find that for 42% of the 24/tm excess red galaxies, the op- 
tical images exhibit an elongated structure (the remain- 
ing sources tend to resemble typical bulge-dominated 



galaxies). The large axial ratios 5-10:1) are indica- 
tive of an edge-on spiral galaxy (hereafter referred to as 
a "spiral morphology" ) . The fraction of 24/im excess red 
galaxies with a spiral morphology is much larger than 
the 11% of 24/im faint red galaxies with such morpholo- 
gies and suggests that some fraction of the 24/im excess 
red galaxies are reddened edge-on disk galaxies. Of the 
24/im excess red galaxies within the PAH region of the 
infrared color-color diagram, 50% have spiral morpholo- 
gies (compared to 32% of the "non-PAH" sources). 

We also compare the local environments of the 24/im 
excess red galaxies to that of the 24/im faint red galaxies. 
The 24/im excess galaxies show no evidence for a larger 
fraction of sources with either a disturbed morphology 
or close companion compared to that of the 24/im faint 
red galaxies. 

5. DISCUSSION 

We find that a small but significant minority (10%) 
of red galaxies have an 24/im excess. We have used 
the IRAC colors of 24/im excess red galaxies to show 
that a large fraction are likely to exhibit PAH emission 
features, indicative of star-formation. Although the in- 
frared emission of elliptical galaxies is usually attributed 
to AGN or stel l ar mass loss from evolved stars (e.g., 
iTemi et al.|[2005t iBressan et al.ll2006[ ). PAH emission fea- 
tures ha ve recently be en detected in nearb y ellip tical 
galaxies (jKaneda et al.ll2005[ ). iKaneda et ^2005f ) find 
that the 6.2, 7.7, and 8.6 /im emission features are un- 
usually weak in com parison to PAH emi ssion features at 
longer wavelengths. ISmith et al.l ()2007| ) show that this 
peculiar PAH emission spectrum with markedly dimin- 
ished 5-8 /im features arises among the sample solely 
in systems with relatively hard radiation fields harbor- 
ing low-luminosity AGN. Given this effect, it is perhaps 
even more surprising that we find such a large fraction 
of 24/im excess red galaxies in the "PAH" region of the 
IRAC color-color diagram. 

There appears to be a discrepancy between the optical 
and infrared diagnostics of the 24/im excess red galaxies: 
the optical line diagnostics suggest that AGN dominate 
whereas the infrared colors suggest that star formation 
dominates. How do we reconcile these differences? This 
could be, at least in part, an aperture effect. The opti- 
cal spectra are obtained using a multi-fiber spectrograph 
and the fibers subtend 1.5"on the sky. This corresponds 
to an angular diameter of w5.4 kpc at z=0.225. The 
IRAC magnitudes were obtained from 6"diameter aper- 
tures, corresponding to angular diameter of «22 kpc at 
2=0.225. The optical diagnostics are therefore likely to 
probe only the region of the galaxy bulge, whereas the in- 
frared diagnostics consider infrared light from the entire 
galaxy. Probing only the central regions may result in a 
larger contribution by an AGN, if present. The optical 
line diagnostics ar e also ver y sensitive to AGN activity. 
In particular, Kewl ev et al.l |2000) have shown that 80% 
of optically classified AGN have compact radio cores, 
demonstrating that optical spectroscopy identifies AGN 
with a high rate of success, despite potential problems 
with dust obscuration. Presumably, in many cases, the 
extended narrow-line emission is detected even when the 
nucleus is heavily dust obscured and the infrared colors 
are dominated by PAH emission from circum-nuclear star 
formation. It is also likely that different processes may 
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dominate at different wavelengths. This study provides 
a caution against using diagnostics in one wavelength to 
determine what dominates the bolometric luminosity of 
the source. 

What is the nature of the 24//m excess red galaxies? 
We explore three possibilities: 

(1) Dusty star-forming galaxies with high extinctions. 
The 24/im excess red galaxies could be a population of 
dusty star-forming galaxies with enough extinction to 
give them redder U-V col ors fe.g.. lAlam fc Rvdeiill2002t 
lUnterborn fc Rvdenll20M l. In Section [431 we show that 
42% of the 24/im excess red galaxies have optical mor- 
phologies indicative of edge-on spiral galaxies. This frac- 
tion is much larger than the 11% of 24/im faint red galax- 
ies with such morphologies (and the ~15% of the red se- 
quence population estimated to be dusty galaxies in the 
HST GEMS survey at z ~0.7 (|Bell et all [200l ). We 
compute the Ha/H/3 Balmer decrements for all 24/im 
excess red galaxies with a signal to noise, S/N>3 on the 
Ha and H/3 lines (48/89=54% of the total sample). Of 
the measurable sources, we find that «60% have optical 
extinctions that are sufficiently large that their intrin- 
sic optical colors are consistent with them being blue 
or green valley galaxies (compared to only 13% of the 
24/im faint red galaxies with measurab l e line s). Similar 
results were reported bv lDavoodi et all ()2006l ). who find 
that ~50% of their infrared bright red galaxies classi- 
fied as star-forming galaxies have intrinsic optical colors 
consistent with them being blue sequence galaxies. How- 
ever, the large bulge components that they find in their 
sources suggest that these are not pure disc-like galax- 
ies with high levels of extinction. Of the 24/im excess 
red galaxies within the PAH region of the infrared color- 
color diagram, 50% have spiral morphologies (compared 
to 32% of the "non-PAH" sources). This result suggests 
that dusty star-forming galaxies contribute to some, but 
not all, of the 24/im excess red galaxy population. 

(2) Quenched galaxies that have recently joined the 
red sequence from the blue cloud. The 24/im excess 
red galaxies could represent a transition population of 
sources who se star-formation has been recently quenche d 
(in <1 Gvr: lHopkins et al.ll2006l:lSchawinski et al.ll2007D . 
The population exhibits characteristics that would be 
consistent with such a scenario. One could envisage a 
situation in which the 24/im excess red galaxies that 
show star-forming characteristics in their optical line 
diagnostics are the sources that are in the earlier stages 
of being quenched. As the sources become quenched 
further, they become redder in their U-V colors, and 
their optical line diagnostics become dominated by 
AGN. In Figure[71 we show the color magnitude diagram 
for the 24/im excess red galaxies split into star-forming 
sources and AGN as classified from their optical line 
diagnostics. The star-forming 24/im excess red galaxies 
appear to be slightly bluer on average than the sources 
classified as AGN. 

(3) Merging red galaxies. The 24/im excess red 
galaxy population could be massive red galaxies that 
are undergoing major or minor mergers and exhibiting 
obscured star-formation and AGN activity. While the 
optical line diagnostics suggest that low level AGN 
activity appears to be common in both 24/im excess and 



24/im faint red galaxies, the 24/im excess red galaxies 
may indicate a recent galaxy merger or interaction that 
triggers obscured star-formation activity that is only 
detectable in the infrared (and marginally in the UV 
which is more sensitive to star-formation activity than 
the optical). This may lower the need for "dry" mergers 
in massive red galaxies. The distribution of stellar 
masses (estimated from the optical photometry) for the 
24/im excess red galaxies (« 10^" — 10^^'^Mq) shows no 
significant difference from that of the 24/im faint red 
galaxies. In addition, the infrared luminosity is poorly 
correlated with the stellar mass estimated from the 
optical photometry (J. Moustakas et al., in preparation), 
consistent with what we would expect if there are brief 
episodes of activity occurring within the same parent 
population. These results are more consistent with the 
24/im excess population being dominated by merging 
red galaxies rather than quenched galaxies that have 
recently joined the red sequence. In the latter case, the 
"downsizing" of galaxies (in which galaxies of decreasing 
mass are progressively joining the red sequence with 
time) would imply that the masses of 24/im excess red 
galaxies should be less than that of 24/im faint red 
galaxies (that joined the red sequence at a higher red- 
shift). On the other hand, we show in Section [475] that 
the 24/im excess galaxies show no evidence for a larger 
fraction of sources with either a disturbed morphology or 
close companion than that of the 24/im faint red galaxies. 

It appears that the low redshift 24/im excess red galaxy 
population comprises a mixture of different types of 
sources. Roughly 40% are likely to be edge-on disk galax- 
ies with high extinction. The rest are likely to be red 
galaxies whose 24/im emission comes from both obscured 
AGN and star formation activity. They may be a tran- 
sition population of sources that have only recently left 
the blue cloud to join the red sequence and in which the 
residual star-formation is being quenched by AGN ac- 
tivity that becomes increasingly dominant in the optical 
band as the sources become redder. Alternatively, they 
could be massive red galaxies undergoing a burst of ob- 
scured star- formation activity (perhaps due to a merger). 
Further work needs to be done to determine which of 
these mechanisms dominates and how this changes with 
redshift. 

6. CONCLUSIONS 

By analyzing the infrared colors and optical line diag- 
nostics of 0.15< z <0.3 24/im excess red galaxies and 
comparing these to that of blue, green valley, and 24/im 
faint red galaxies within the AGES survey, we find the 
following: 

• Of the total red galaxy population, 10% have 24 fim 
flux densities, f24 >0.3 mJy. These correspond to 
infrared luminosities that are larger than we would 
expect from the infrared emission of local elliptical 
galaxies. 

• Using their [5.8]-[8.0] IRAC colors, we show that 
64% of the 24/im excess red galaxies are likely to 
have strong PAH emission features in their infrared 
spectra (compared to only 5% of the 24/im faint red 
galaxies). This result suggests that in a large frac- 
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tion of the sources, the infrared emission is domi- 
nated by star-formation processes. 

• A much larger fraction of 24/im excess red galax- 
ies are classified as star-forming using infrared 
diagnostics (~64%) than optical line diagnostics 
(^^15%). This result suggests that in many sources, 
both AGN and star-formation activity arc occur- 
ring simultaneously (but that in the optical, the 
AGN dominates the signal whereas in the infrared, 
the PAH emission features dominate.) 

• Although the optical to near-IR SEDs of the 24/xm 

excess and 24/im quiet galaxies are very similar, 
the 24/^m excess red galaxies appear to also have a 
small UV excess over that of the 24/im quiet galax- 
ies. The small UV to 24/im ratio suggests a large 
amount of dust and/or relatively old stellar popu- 
lation compared to that of irregular galaxies. 

• Approximately 40% of 24/im excess red galaxies 
at low rcdshifts arc likely to be dusty edge-on spi- 
ral galaxies, whose; high optical extinctions make 
them red. The rest are likely to be red galaxies 
whose 24/im emission comes from both obscured 
AGN and star formation activity. This may be trig- 
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Fig. 1. — Color-magnitude diagram for all Aly <-19.4 mag AGES galaxies at 0.15 < z < 0.3. The sources are divided into red sequence 
galaxies (filled red circles), green valley galaxies (empty green circles), blue cloud galaxies (greyscale). Also shown is a histogram of the 
distribution of U-V colors of the sources. The dotted lines show the selection criteria at Mv=-20 mag and 2=0.225. 
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Fig. 2. — IRAC color-color diagram for all AGES galaxies. The greyscale shows the distribution of blue galaxies. The red circles, green 
squares, and yellow stars denote red, green valley, and 24/xm excess red galaxies respectively. The larger yellow stars correspond to 24/im 
excess red galaxies with larger 24/im flux densities. For clarity, for the blue, green, and red galaxies, only the sources with detections in all 
4 IRAC bands are shown. For the 24/im excess red galaxies, where an IRAC flux is below the detection limit, the limits on the IRAC colors 
are shown. Over-plotted are the non-evolving 0.15< z <0.3 color tracks for M82 (a starburst galaxy; dotted black line) and NGC 4429 
(a massive inactive SO/Sa galaxy; solid black line). In both cases, the redshift increases upwards and to the left. The diagram is divided 
into three sections by the dashed black line: the powerful AGN "wedge" as defined bv lStern et al.i (I2005|) . and the "PAH" and "Non-PAH" 
regions defined empirically from the distribution of the red and blue galaxies. 
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Fig. 3. — Classification of galaxies based on the IRAC color-color diagram (Figure|2)l. The histogram shows the fraction of 24/im excess 
red galaxies, 24/im faint red galaxies, green galaxies, and blue galaxies within the PAH (blue slanted lines), Non-PAH (solid red shading), 
and powerful AGN (green vertical lines) regions or that are unclassifiable ("Unknown"; white area). The fractions have been corrected for 
the AGES incompleteness. The fractions of 24/im excess red galaxies, 24/im faint red galaxies, green galaxies, and blue galaxies within the 
AGN (unclassifiable) regions are 3% (2%), 2% (29%), 4% (28%), and 5% (18%) respectively. 
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Fig. 4. — The log( [QUI] A5007/H/3) vs. log([NII1 A6584/Ha ) line diagnostic d i agram for galaxies with measurable line fluxes. The symbols 
are as defined in Figure |2] The empirically derived line of'Kauffmann et al.l l l 20031) (solid line) used to distinguish between star-forming 
galaxies and narrow-line AGN is shown as a solid line. The Kcwlcy ct al. ( 20011) extreme starburst classification line (dashed line) is also 
shown for reference. The line at log([NII]/Ha=-0.3 used to classify sources with no suitable H/3 and/or [Nil] measurement is also shown 
(dotted line). For the 24/tm excess galaxies, arrows show the limits on the line ratios in cases where lines are not detected. 
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Fig. 5. — Classification of galaxies based on their optical line diagnostics (see Figure |4)l. The histogram shows the fraction of 24/im 
excess red galaxies, 24/im faint red galaxies, green galaxies, and blue galaxies within the star-forming {"SF";blue slanted lines) and AGN 
("AGN";solid red shading) regions of the log([OIII]/H/3) vs. log([NII]/Ha line diagnostic diagram and sources whose optical spectra are 
not good enough to classify the sources ("unknown"; white area). The fractions have been corrected for the AGES incompleteness. 
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Fig. 6. — The average multi-wavelength spectral energy distribution of the 24/im excess red galaxies (red triangles) and 24;^m f a int re d 
galaxies (black squares). Also shown are the errors on the mean flux density. Overplotted are SED templates from 'Asset et al.l (!2()08|) ■ 
The solid black line represents an elliptical galaxy template normalized to the peak of the emission from the 24^m faint red galaxies. The 
dotted red line (dashed blue line; long-dashed green line) shows the sum of the Sbc spiral template (Irr template; AGN template) and 
the elliptical galaxy template that simultaneously match the 24fim emission of the 24/im excess red galaxies and the peak of the stellar 
emission. 



The Origin of the 24/im Excess in Red Galaxies 



11 




J. 



-20 -21 -22 -23 

M 

V 

Fig. 7. — Color-magnitude diagram showing rest-frame U-V color vs absolute V-band magnitude (Vega). The greyscale shows the 
distribution of all red sequence galaxies. All symbols represent 24/im excess red galaxies. Filled red stars and filled blue circles denote 
24/im excess red galaxies classified as AGN and star-forming galaxies respectively from the optical line diagnostic diagram Baldwin et al.l 
[1981; Kauffmarm ct al. 2003; Kcwlcy ct al. 2006; sec Figure U. The black dots denote 24/im excess red galaxies classified as having PAH 
emission from the IRAC color-color diagram (see Figure [2]l. 



